A total of 1308 rat proteins were selected from the NCBI RefSeq database based on the presence of conserved signaling motifs or the involvement in cytoskeletal regulation. To generate diced siRNA pools, 2 rounds of PCR were performed on mixed cDNAs from different developmental stages of rat brains (Clontech, 636653). The specific PCR products were then subjected to in vitro transcription, in vitro dicing, and purification to produce siRNA as described previously (Myers et al., 2003) .
specific tubulin βIII was purchased from Covance. Anti-Rasa2 (for western blotting) was purchased from Sigma. Rasa2 rabbit polyclonal antibody used for immunostaining was generated at a commercial facility (Josman, Napa, CA) from a fragment of recombinant Rasa2 (GST-Rasa2 (1-306)) expressed in BL21(DE3) and affinity-purified against MBPfusion Rasa2 (1-306). Anti-cyclin D1 was purchased from Thermo Scientific.
Immunostaining
Immunostaining was performed in 96-well plates and all washes were done with the ELx405™ Select CW Microplate Washer (BioTek). In brief, cells were fixed with 4% PFA and 4% sucrose for 20 min, permeabilized with 0.2% Triton X-100 for 15 min and blocked with 3% goat serum and 0.5% BSA for 1h before applying the different antibodies. Primary antibodies were incubated overnight at 4°C. Appropriate Alexa Fluor® conjugated secondary antibodies were then used. For BrdU double or triple staining, cells were acid treated (2N HCl for 20 min at 37°C) after completion of the other antibody staining and then stained with anti-BrdU antibody.
Image analysis

2D proliferation plot
For each cell, three parameters were measured, the pERK mean intensity, the pAKT mean intensity and the BrdU status (BrdU-positive or negative). The staining intensity of each channel and the threshold setting for BrdU-positive cells were analyzed with custom made MATLAB scripts (as described in Experimental Procedures). The percent in S phase was calculated for equally-spaced bins of pERK and pAKT intensity (20 bins in both directions). The same 2-dimensional bins were applied to different plots in the same experiment. For bins containing less than 50 cells, the %S phase value was considered non-informative and was discarded. The %S was then presented as a function of pERK and pAKT mean intensity with a heat map for effective visualization of the data.
The blue-black-yellow colormap was used in the heat map. Blue represents 0, black the 1/e (i.e. ~37%) of the maximum, and yellow the maximum percent in S phase in the experiments. Colors in between are interpolated linearly from blue to black, and from black to yellow. The cell density profiles were plotted using a MATLAB algorithm developed by Eilers & Goeman (Eilers and Goeman, 2004) . In brief, the scatter plot of the original 2D data is transformed to 2D histograms with 200 bins in both directions with additional smoothing. The smoothened 2D histogram was then displayed as a contour plot with color scale. To facilitate comparison between plots, a reference line (referred to as the boundary in the figures) was drawn across the black-squared proliferation value in the control plot and overlaid on top of other plots in the same experiment.
Analysis of the proliferation changes along an axis orthogonal to the boundary
Data located within the designated region (green band in Fig. 2A ) orthogonal to the boundary (fit with a quadratic equation) was used for %S analysis. The width of the analysis region was empirically set to include one fourth of the NGF-stimulated cells. The orthogonal distance from each data point to the boundary was calculated with a positive or a negative sign added to indicate its location above or below the boundary. The ranked distance was used to find the 10% of cells which are located farthest away from the boundary and the %S of these cells were calculated. For analysis of the proliferation changes along the 2D axis (orthogonal to the boundary), only cells located within the green band were counted and the percent in S phase was calculated along the 2D axis with equally-spaced bins (based on their distance relative to the boundary). The same bins and the same green band were used to analyze other cells treated with different stimuli to examine if the 2D response map remains the same. For bins containing less than 100 cells, the %S phase value was not shown.
Single cell neurite analysis
The presence of neurites around each cell body was measured by extending a nonoverlapping ring starting from the nuclear Hoechst mask using the bwmorph ('thicken') function in MATLAB. The inner radius was selected to exclude the plasma membrane in most cells and the outer radius was selected to capture a maximal amount of space to assign most areas in the dish to a specific cell. The local neurite intensity in the image was quantified by applying 6x6 line filters with eight directions using the filter2 MATLAB function on the pERK antibody stain. For each pixel, the brightest relative signal of the eight filtered directional values was selected. This directional analysis suppresses non-line signals in the image. The average line signal in each of the single cell rings was then normalized to the pERK intensity of the cell body to produce a neurite parameter for each cell. The resulting parameter had more systematic noise due to differences in the cell body morphology and differences in cell density compared to the %S phase analysis. For the plot shown in Fig. 2D , background intensity was subtracted and more cells were included per square compared to Fig. 1F .
Relative boundary shift
The boundary shift was represented as the sum of the proliferation differences in the 2D response maps for each equally-spaced pERK-pAKT bins between control and siRNA experiments. The resulting value was normalized by the fraction of total cells per bin. The larger the sum of the proliferation differences, the more the boundary has been shifted relative to the control.
Screening, differentiation assay and data analysis
PC12 cells were plated at low density (10 4 cells/cm 2 ) in order to quantify neurite phenotypes on a single-cell basis. After overnight plating, PC12 cells were transfected with siRNA for 24h, then stimulated with NGF (25 ng/ml) for 48h. To measure differentiation and proliferation, cells were pulse-labeled with BrdU (10 μM) for 4h after 48h of NGF stimulation. The treated cells were then fixed and immunostained with antiBrdU and anti-tubulin-βIII primary antibodies followed by Alexa-594 and 488 conjugated secondary antibodies and Hoechst stain (Invitrogen). All images were taken with a 10x objective on an automated fluorescent microscope (ImageXpress 5000A, Molecular Devices). Neurite length and fluorescent intensities of the tubulin and BrdU stains in single cells were measured with the ImageXpress analysis software. For the primary screen, four parameters including mean total neurite length, percent of neurite-bearing cells, mean somatic tubulin intensity and percent of BrdU positive cells, were determined per well with an average of 4000 cells analyzed. Cells that grew neurites longer than 20 μm (about twice the average PC12 cell diameter) were counted as positive neurite-bearing cells. Threshold intensities for BrdU positive cells were determined in each well by k-means clustering. The whole screen was performed in duplicate. To compare the primary screen data between plates, the robust z-score was assigned separately for each parameter on the basis of their median absolute deviation from the plate median. The robust z-score is less sensitive to the outliers (1 robust z-score equals to 1.48 z-score). For hit validation (resynthesizing siRNA pools against the first coding sequence) and secondary screening (siRNA pools against the second coding sequence), robust z-scores were calculated as described previously except that the control median instead of the plate median was used. For control siRNA, siRNA pools against GL3 (firefly luciferase) or YFP were used. Once confirmed, subsequent secondary assays were performed with the most potent siRNA pool (the first coding sequence versus the second coding sequence). Principal components analysis was performed with normalized four parameter measurements (robust z-scores) from either the rescreen or the secondary screen using MATLAB software.
Secondary assays
All the signal intensity measurements were conducted after siRNA knockdown for a total of 72h. For phospho-signal (phospho-ERK 5min, 1h, 24h and phospho-AKT 24h) and EGR1 induction assays, siRNA transfected PC12 cells were low-serum starved for 16-24h before NGF stimulation. CA-HRas (HRasQ61L)-induced neurite outgrowth were measured after 48h of transient expression. Neurite length induced by CA-HRas (HRasQ61L) was measured as described previously. Phospho-signals and nucleus EGR1 intensities were measured in single cells after immunostaining with appropriate antibodies using ImageXpress or CellProfiler image analysis software. All secondary assays were performed in duplicate. Robust z-scores for all secondary assay measurements (normalized according to control siRNA GL3) were used to calculate parameter cross-correlation.
GTP-Ras pull-down assay
Endogenous GTP-bound Ras proteins were detected according to established methods (Herrmann et al., 1995) . The fusion constructs GST-C-RafRBD (gift from Dr. C Wu) were overexpressed in Escherichia coli BL21 cells, purified and used to assay for Ras-GTP. In brief, equal numbers of treated or untreated PC12 cells were lysed on ice for 30 min in fishing buffer (10% glycerol, 1% NP-40, 50mM Tris-HCl [pH 7.5], 200mM NaCl, 5mM MgCl2, 10mM NaF, and 1mM Na3VO4 plus protease inhibitor cocktail [Roche] ). The samples were centrifuged at 14,000 rpm for 15 min at 4°C. 10 µg of GST-C-RafRBD proteins prebound to sepharose-glutathione conjugates (GE Healthcare Life Sciences) were added to the resulting supernatants and incubated at 4°C for 60-120 min with gentle rotation. The beads were washed three times in cold fishing buffer and boiled in SDS-PAGE sample buffer. The amounts of Ras-GTP were analyzed by SDS-PAGE followed by western blotting.
Live-cell confocal microscopy and image processing
Live-cell dual color measurements (CFP and YFP) were performed on a spinning-disc confocal microscope as described previously (Nipkow Wallac system) (Fivaz et al., 2008) . PC12 cells were transiently transfected with fluorescent constructs for 24h. The transfected cells were serum-starved (0.1% BSA in F12K) for 12-24h prior to imaging. Cells were imaged in extracellular buffer (25 mM HEPES [pH 7.4], 150 mM NaCl, 1.3 mM CaCl2, 1.3 mM MgCl2, 5 mM KCl, and 33 mM glucose) with a 63x objective. Images were taken at 12 bit/pixel with the camera binning set to 2x2. Exposure time was set to 250/225 ms for CFP/YFP image acquisition so that the total bleaching in the final frame was below 30%. Images were background-subtracted and the fluorescence was quantified using the mean of a 25x25 pixel cytosolic region. The fluorescent intensity was corrected for exponential photo-bleaching. The time constants for YFP and CFP bleaching were 120 ± 0.10 and 105 ± 0.25 ms according to the control cell imaging (n = 26). Images were processed with MATLAB. Each dot represents an individual siRNA readout. Four different parameters were measured as indicators of neuronal differentiation. The robust z-score was assigned separately for each data point on the basis of the median absolute deviation from the plate median. R indicates Pearson correlation coefficient. (F) Hit selection criteria used for follow-up analysis. The differentiation score for each gene was obtained by the sum of the absolute values of its robust z-scores for a set of four measured parameters. 143 primary hits that yielded a significantly higher differentiation scores than the control siRNA were selected for retesting (left). The same pools of siRNAs were resynthesized and retested. 114 out of 143 primary hits were reconfirmed (right). As further validation, a second, independent set of siRNA pools were synthesized against the repeated hits (114) and retested. 54 genes that showed consistent knockdown phenotypes between the two siRNA pools and had their knockdown neurite length above an absolute robust z-score of three in all experiments were considered confirmed hits. (A) Cells with the indicated siRNA knockdowns were harvested after 60 h of transfection and protein levels were assessed by western blotting. (B) Cyclin D1 protein levels were lowered by LY294002 treatment and increased upon U0126 treatment. Cells were left unstimulated or treated with NGF together with the indicated drugs at 4, 12 or 24 hours. LY294002 and U0126 were used at 12.5 μM and 10 μM, respectively. (C) Cyclin D1 undergoes proteasome-dependent degradation upon AKT inhibitor (MK-2206) treatment. Cells were subjected to the indicated drug combination together with NGF for 4 hours. MG132 was used at 50 μM. (D) LY294002 reduces while U0126 enhances cyclin D1 protein stability. Cells were mock-treated or treated with LY294002 (12.5 μM) or U0126 (10 μM) together with cycloheximide (CHX, 100 μM) for 2 hours in the presence of NGF. 
